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Abstract 
To reduce the energy required for CO2 desorption, an energy exchangeable three-stage dry sorbent CO2 capture process was 
designed and in the step of efficiency evaluation. The process is composed of three stages working at different sorption-
desorption temperatures to utilize the heat released at higher temperature absorption cycles for the regeneration of sorbent 
working at lower temperature cycles; low-, medium- and high-temperature stages. For this process three kinds of sorbents having 
different sorption-desorption temperatures were developed; amines supported on silica (low temperature), alkali-promoted MgO 
(medium temperature) and Li4SiO4 (high temperature). Based on the kinetic properties of these three types of sorbents, several 
process models were simulated and it was found that dilute-dilute sorption-desorption process is the most efficient. According to 
the simulation, the thermal energy demand for the three-stage CO2 capture process was 1.68 GJ/ton-CO2, which means about 60% 
of the thermal energy required for a single-stage dry sorbent process can be saved. To evaluate this concept, real facility which 
can treat 60 Nm3/hr exhaust gas was constructed and in the step of operation. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
The major concern of CO2 capture from large CO2 emitting places like power plants is the reduction of 
regeneration energy required for desorption captured CO2. A dry sorbent CO2 capture process attracts attention of 
researchers working on CCS because it doesn’t use steam that is the major energy consuming part of a wet amine 
process, and the size of the equipment is supposed to be more compact than a wet amine process [1,2]. The 
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regeneration energy of currently suggested dry sorbents like Na2CO3 or K2CO3 is too high to be commercialized and 
the reduction of its energy is a key factor to improve the process energy efficiency. A lot of efforts are devoted to the 
reduction of regeneration energy to minimize the energy consumption for CO2 capture, but most of the efforts have 
been focused on the development of sorbents having less heat of regeneration [3]. Compared with dry absorbent, 
physical adsorbents have relatively low heat of regeneration but it is not applicable for CO2 capture from flue gas 
exhausted in a coal-fired power plant because of low adsorption capacity of CO2. To increase  CO2 capacity of these 
adsorbents, functional groups that react with CO2 are introduced in the adsorbent. Introduction of the functional 
group increases not only the CO2 capacity but also the heat of adsorption to chemisorption level. To circumvent 
these drawbacks of sorbent, new and more fundamental approaches to utilize absorption heat generated in CO2 
sorption are required in the viewpoint of process design. Despite the heat integration is essential to reduce energy 
consumption in dry sorption process an efficient one is not suggested yet [4]. One promising method is calcium-
looping process that reuses the wasted high temperature heat to generate electricity [5]. It shows quite high energy 
efficiency. A new concept of approach applying multi-stage dry sorbent fluidized bed CO2 capture process is tried 
from the end of 2011 supported by CCS 2020 program in Korea. It is focused on the development of new process 
that can reduce 30% of operating cost of CO2 capture and that is applicable for coal fired power plants. For the last 3 
years, a lab-scale facility that can treat 60Nm3/hr of flue gas was designed and fabricated. In this paper, we will 
discuss about the design concept of this process, design of three types of sorbent, process simulation result and 
finally current status of facility development. 
2. Concept Development 
In a CO2 capture cycle using dry solid sorbents, heat is evolved as the CO2 sorption reaction proceeds at the lower 
temperature, and almost equal amount of heat is required for the regeneration of the CO2-sorbed sorbents at the 
higher temperature. The CO2 sorption reactor needs to be cooled down using coolant to keep the temperature low for 
the CO2 uptake of the sorbents. For a CO2 capture cycle using such sorbents working in relatively low temperatures 
as K2CO3, the temperature of the coolant that absorbs the heat generated by sorption reaction is so low that the heat 
recovered may be almost useless. Suppose there is another CO2 capture cycle using a solid sorbent such as MgO 
working at much high temperature compared to K2CO3. Contrary to the case of K2CO3 working at low temperature, 
the heat recovered from CO2 sorption reaction (carbonation) of MgO can be quite useful as a heat source due to its 
high temperature. If we combine the two cycles into a single process so that the reaction heat recovered in the MgO 
carbonation could be utilized as the regeneration heat of KHCO3, quite a large amount of CO2 capturing energy 
could be saved in the process. Encouraged by this idea, we developed a multi-stage CO2 capture process. The first 
requirement of this process concept is that the process should be divided into 3 stages by the sorbents’ working 
temperatures, and that there should be quite a big temperature difference between the regeneration temperature at the 
lower temperature stage and the sorption temperature at the higher temperature stage. This concept is illustrated in 
Fig. 1. It shows the concept of three-stage CO2 capture process. Even though the sorbents working at medium and 
high temperature stages should be heated, good insulation of the stages can minimize additional heat demand to keep 
the sorbents at their high working temperatures. Conceptually one third of the regeneration energy is needed for the 
three-stage process ignoring the energy used to keep the sorbents at high temperatures. 
3.  Sorbent Development 
3.1. Sorbent Selection 
To realize the CO2 capture process illustrated in Fig. 1, three sorbents operated at three different temperature 
ranges are needed. The types of sorbent candidates were selected by literature search [6,7,8]. The following features 
are considered as the requirements of sorbents for the multi-stage CO2 capture process.  
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Fig. 1.  Conceptual diagram of the energy exchangeable three-stage process 
x Absorption & regeneration temperatures 
x Absorption capacity  
x Absorption rate 
x Stability of the sorbents 
 
A three-stage process is more thermally efficient than a two-stage process. Three sorbents had to be chosen, and 
the gap between the absorption temperature of the higher temperature sorbents and the regeneration temperature of 
the lower temperature sorbents should be large enough for heat exchange between stages. The regeneration 
temperature of the highest temperature stage should not be too high because a process operated at a very high 
temperature demands reactors composed of expensive alloy materials. Large amount of heat loss is caused by 
sorbent circulation because the sorbents are repeatedly heated and cooled during circulation, which is why 
absorption capacity and rate of sorbents should be high. A small temperature difference between the absorption 
temperature and the regeneration temperature in a stage is also required to minimize a heat loss occurring during 
sorbents’ circulation between an absorption bed and a regeneration bed. A high absorption capacity also reduces the 
size of the reactors. Silica-supported amine sorbent was selected as the low temperature sorbent whose working 
temperature is below 200qC. Its absorption kinetics is fast, and it has decent chemical and mechanical stability [9]. 
Alkali-promoted MgO was selected as the medium temperature sorbent because of its working temperature range 
and absorption capacity. Unmodified MgO shows a poor CO2 absorption kinetics and a very low CO2 absorption 
capacity. Modification with alkali metal salts dramatically increases CO2 absorption capacity of MgO [10]. Alkali 
promoted MgO absorbs CO2 at about 300qC which is higher enough than the regeneration temperature of the lower 
temperature stage. The regeneration temperature of it is about 450qC which is lower enough than the absorption 
temperature of the high temperature sorbent candidates like lithium-based sorbents or CaO. There are several 
options for the high temperature sorbent. CaO is very cheap, and its absorption capacity is high. But, its regeneration 
temperature is over 900qC, which is not acceptable because of the material cost of the reactors. The regeneration 
temperature of lithium-based sorbents is about 750qC which is much lower than that of CaO. Li4SiO4 has the fastest 
absorption kinetics among lithium-based sorbents,  which was why Li4SiO4 was selected as the high temperature 
sorbent [11]. 
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3.2. Spherical Sorbents Development 
To be used in a fluidized bed reactor, all the sorbents have to be shaped into spheres. Several different shaping 
methods were used to make spherical sorbents for the 3 temperature stages. An amino-silane was supported on pre-
shaped porous spherical silica. Fumed silica and silica sol were mixed and spray-dried to make spherical silica 
whose average diameter is about 100 Pm. The medium temperature sorbent was shaped to sphere by spray-drying of 
a mixture of MgO and alkali metal salts. Alkali metal salts were used as binders to keep the sphere hard as well as 
promoters to make the absorption capacity and the absorption rate high. Calcination of a stoichiometric mixture of 
lithium salts and silica produces Li4SiO4. A mixture of 2 equivalents of Li2CO3 powder and 1 equivalent of SiO2 sol 
dispersed in distilled water was spray-dried. Subsequent calcination of the dry spheres made the reaction between 
Li2CO3 and SiO2 proceed, and the resulting composition of the spheres was Li4SiO4. About 20 kg of sorbents were 
made at a time that were enough for a single run of lab scale facility which will be described in the next sections. Fig. 
2 is the absorption isotherms and the absorption rates of the 3 spherical sorbents. The properties of these spherical 
sorbents are summarized in Table 1. 
 
Fig. 2. Absorption isotherms and absorption rates of the spherical sorbents 
Table 1. Properties of the spherical sorbents 
Sorbent Low temp. sorbent Medium temp. sorbent High temp. sorbent 
Absorption/regeneration temp. (qC) 40 / 150 300 / 450 600 / 750 
Absorption capacity (wt%) 4.8 4.4 20.2 
Absorption rate (wt%/min) 3.8 3.2 9.5 
Attrition index 1.6 1.6 5.5 
4. Process Development 
4.1. Reactor Type Selection through a Model Study 
Fluidized bed reactors are the most suitable reactors as sorption/regeneration reactors for CO2 capture from flue 
gas of a coal-fired power plant. Generally dense (bubbling) beds and dilute (fast) beds are considered. Each of the 
fluidized beds has its pros and cons. As shown in Fig. 3, four different types of reactor configurations are possible 
for a stage. 
 
Type A :  dense bed - dense bed 
Type B :  dense bed - dilute bed 
Type C :  dilute bed - dense bed 
Type D :  dilute bed - dilute bed 
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Fig. 3.  Possible reactor configurations of the multi-stage CO2 capture process 
 
All the types were designed to be capable of direct heat exchange between sorbents through the wall of the 
reactors to minimize heat loss which is larger when heat transfer media are used. Multi-stage CO2 capture process 
models have been developed using the software ASPEN CUSTOM MODELER and ASPEN PLUS DYNAMICS. 
The PFD (Process Flow Diagram) of the important components is shown in Fig. 4. The axially distributed and 
radially lumped first principle mathematical models of bubbling and fast fluidized beds were developed based on the 
K-L model that Kunii and Levenspiel proposed [12,13,14]. The heat transfer coefficients of the bubbling and 
fluidized beds were obtained using the correlations found in the literature [15]. The upstream reference plant is 
supposed to be the coal-fired power plant with a net electrical power of 15 kW. It was also supposed that the 
volumetric flow rate of the flue gas after FGD (Flue Gas Desulfurization) is 60 Nm3/hr and the mole fraction 
percentages of the components are 13% (CO2), 9% (H2O), and 78% (N2). The proposed process is composed of 3 
stages. Each stage is constituted by a couple of fluidized beds, and the solid sorbents circulates internally. K2CO3 as 
a low temperature sorbent, MgO as a medium temperature sorbent and CaO as a high temperature sorbent were 
selected for the simulation. The absorption and regeneration temperature of the sorbents were set to 50/150qC for 
K2CO3, 350/650qC for MgO and 750/900qC for CaO. The absorption rate of the sorbents were determined using 
known kinetic models in the literatures [16,17,5], and the regeneration rate was set to 0.3 kmol/m3Řsec-1 for dense 
beds and 0.6 kmol/m3Řsec-1 for dilute beds. The flue gas after FGD unit is compressed to compensate the pressure 
drop developed in the pipes and reactors and fed into each of the three stages by portions of 0.3, 0.45, and 0.25, 
respectively considering sorbents’ heat of reaction.  
A B
C D
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Fig. 4. PFD of the model three-stage CO2 capture process 
 
The major heat integration parts in the current three-stage CO2 capture process can be summarized as 1) heat 
transfer from the higher temperature sorption bed to the lower temperature regeneration bed, 2) heat exchange 
between solid sorbents each flowing in pipes discharged from sorption and regeneration beds, respectively. The 4 
different types of reactor configurations were evaluated by means of the flow sheet simulation for each case and 
listed in Table 2. It can be seen in Table 2 that over 60% of total required energy is reduced by the current process 
heat integration despite of the currently unoptimized nominal operating condition.  
 
Table 2. Heating/cooling duty without heat integration and energy reduction percentages with heat exchanger duty. 
Model A B C D 
Heating duty without heat integration, kW 12.7 13.9 13.6 14.1 
Heating duty reduction percentage by heat integration, % 61 58 62 58 
Cooling duty without heat integration, kW 12.4 12.4 13.5 12.9 
Cooling duty reduction percentage by heat integration, % 63 65 62 64 
Gas heat exchanger duty, kW 2.7 4.9 2.8 3.4 
Solid heat exchanger duty, kW 23.5 27.5 23.4 22.6 
 
Table 3 lists thermal energy required for a ton of CO2 captured, the cooling water requirement in the low 
temperature stage, and the compressor loading for the transport of sorbent particles and gases for each model 
configuration of the three-stage process. Thermal energy requirement is similar in every case, but the dilute/dilute 
bed configuration needs much high compressor load as compared to others. This is due to the extended heights of 
the dilute/dilute beds as the reactors of absorption/regeneration, as shown in Table 3, to achieve capturing above 90% 
of CO2 fed in the flue gas and simultaneously to regenerate the carbonated sorbents using the heat transferred from 
the higher temperature sorption bed to the lower temperature regeneration bed. The operating cost of each reactor 
configuration was calculated using the utility costs denoted in the bottom of table 3. The electricity cost for 
compressor loading contributes largely to the total operating cost because pressure drops occur in all the reactor beds. 
The dense/dense model appears to be the most advantageous configuration in the regard of its lowest operating cost. 
However, the use of dense bed as a sorption reactor is critically disadvantageous for a large capacity process in that 
its diameter should be increased in accordance with the increasing feeding rate of the flue gas to minimize the 
escaping CO2 within bubbles formed in the dense bed. Provided that the formation of large size bubbles could be 
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suppressed or partly avoided in the bubbling fluidized bed, the dense bed as a sorption reactor in this multi-stage 
CO2 capture process would be the better choice than the dilute bed. Tentatively, the dilute bed as a sorption reactor 
is a promising option thanks to its simplicity in the regards of process scale up and heat integration of the 
sorption/regeneration reactor beds despite of its largest operating costs. It is especially worthwhile to note that, due 
to the heat integration, the required thermal energy for heating duty is smaller than 2 GJ/ton-CO2 captured for all 
cases in Table 3. The required thermal energy can be further reduced by rigorous optimization of the three-stage 
process. The operating costs in the current process integration conditions are also within about $10/ton-CO2 captured 
for all cases. Considering that roughly 2.7 ~ 3.3 GJ/ton-CO2 is necessary for CO2 capture in the optimized MEA 
scrubbing process, the proposed process is assured to be full worth to develop as a highly energy-efficient CO2 
capture process using dry solid sorbents.  
 
Table 3.The process evaluation of 4 different reactor combinations 
Model  A B C D 
Thermal energy 
(heating), GJ/ton-CO2 
1.83 1.74 1.80 1.63 
Cooling water  
ton/ton-CO2 
3.56 3.38 3.67 3.56 
Compressor load, 
 kWh/ton-CO2 
52.8 96.8 48.1 82.9 
aOPEX, $/ton-CO2 7.5 10.4 7.1 9.2 
Average bed diameter, m 
(carbonator/regenerator) 0.37 / 0.17 0.38 / 0.07 0.10 / 0.18 0.10 / 0.18 
Average bed height, m 
(carbonator/regenerator) 1.27 / 0.37 1.27 / 4.9 5.0 / 0.37 5.0 / 4.9 
a Coal price: $2/GJ, Cooling water: $0.032/ton,  Electricity:  $0.07/kWh 
 
In addition to heat exchange between nearby stages, intra-stage sensible heat exchange between sorbents 
discharged from an absorber and a regenerator should be considered seriously. Four different types of intra-stage 
heat exchange methods could be imagined (Fig. 5), and the simulation results are summarized in Table 4. The 
sorbents’ absorption capacity was assumed to be 10wt% for case 1 and 20wt% for case 2. In case of type A where 
no intra-stage heat exchange happens, heat exchange between nearby stages is increased, and resultantly the entire 
heat demand is increased. Type B shows a co-current heat exchange between sorbents. A big temperature difference 
between the sorbents makes a fast heat exchange in the beginning, but the efficiency drops along the heat exchange 
direction. Counter-current heat exchange happens in type C with a constant heat exchange rate through the entire 
heat exchange region, and resultantly the heat exchange efficiency is higher than type B. A dense bed is located in 
the middle of heat exchange region of type D to increase the amount of exchanged heat, but the resultant heat 
exchange efficiency was lower than type C. 
4.2. Manufacture of a Lab-scale Facility  
A lab-scale (60 Nm3/hr) facility realizing the concept of energy exchangeable multi-stage dry sorbent CO2 
capture technology was fabricated using the results of the model study and located at Korea Research Institute of 
Chemical Technology. The specifications of the facility is summarized in Table 5, and the PFD of it is shown in Fig. 
6. It is composed of 3 sets of circulating fluidized beds where low, medium and high temperature sorbents are 
circulating. All the beds were determined to be dilute beds in the aspects of the throughput and process simplicity. 
Heat exchange between absorption and regeneration occurs through the wall of the reactors. Sorbents that absorbed 
CO2 in the absorber should be heated to the regeneration temperature before getting into the regenerator, and 
sorbents that released CO2 in the regenerator should be cooled down to the absorption temperature. 
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Fig. 5. Sensible heat exchange methods between sorbents in the same stage  
 
Table 4.  Evaluation of 4 types of intra-stage sensible heat exchange 
Model 
 A B C D 
 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 
Heat exchange for gas, kW 4.81 4.81 4.81 4.81 4.81 4.81 4.81 4.81 
Heat exchange for solids, kW 
(required surface area for heat 
exchange, m2) 
LTS   1.59 (1.96) 
0.80 
(0.99) 
3.05 
(4.90) 
1.48 
(2.06) 
1.59 
(0.46) 
0.80 
(0.23) 
MTS   9.53 (6.55) 
4.75 
(3.26) 
18.79 
(39.44) 
9.22 
(16.46) 
9.53 
(2.75) 
4.75 
(1.36) 
HTS   2.46 (2.62) 
1.25 
(1.33) 
4.86 
(10.47) 
2.43 
(4.76) 
2.46 
(0.79) 
1.25 
(0.40) 
Average long mean temp. diff. °C   66.19 66.19 17.95 20.54 44.42 44.90 
Heat transferred between cycles, kW 
(required surface area for heat 
exchange, m2) 
MTS to 
LTS 
5.76 
(0.49) 
3.94 
(0.34) 
4.29 
(0.37) 
3.24 
(0.28) 
2.93 
(0.25) 
2.65 
(0.23) 
4.29 
(0.37) 
3.24 
(0.28) 
HTS to 
STC 
9.13 
(2.19) 
6.43 
(1.54) 
6.66 
(1.60) 
5.18 
(1.24) 
4.27 
(1.02) 
4.00 
(0.96) 
6.66 
(1.60) 
5.18 
(1.24) 
Required thermal energy, GJ/ton-CO2 7.54 4.54 4.69 3.12 1.93 1.78 4.69 3.12 
 
 
# $
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Additional heat exchanger for this sensible heat exchange was equipped at each stage. When the sensible heat is 
exchanged, sorbents from the absorber comprise a dilute bed, and sorbents separated from the cyclone after the 
regenerator comprise a bubbling bed. The direction of the moving sorbents is co-current in case of inter-stage heat 
exchange, and the direction of the sorbents in case of intra-stage sensible heat exchange is counter-current. A gas-
gas heat exchanger was also equipped to exchange heat between flue gas coming into the absorber and hot desorbed 
CO2. The energy consumed to capture CO2 was estimated to be 1.68 GJ/ton-CO2 which is about 40% of the energy 
of a single-stage dry sorbent process. 
 
Table 5.  Specifications and features of the lab-scale CO2 capture facility 
 specifications Features 
Number of absorption and regeneration stages 3 Low, medium, high 
Operating modes of absorbers and regenerators Dilute – dilute Exchange of reaction heat between an absorber and a regenerator 
Operating modes of heat exchangers Dilute - bubbling 
Sensible heat exchange between 
sorbents in a stage 
Counter current 
Flue gas handling capacity 60 Nm3/hr (13 kg/h) 20 Nm3/hŘstage 
CO2 recovery rate (recovered CO2 quantity) 90% (12 kg/hr)  
Absorption capacity of sorbents (circulation quantity) 9 wt% (130 kg/h) 60 kg/h, 35 kg/h, 35 kg/h 
Heating duty 5.7 kW 12.2 kW w/o heat recovery 
Heat recovery rate 53%  
CO2 capture energy 1.68 GJ/ton-CO2  
 
Fig. 7 shows the picture of the facility before insulation. The diameter of absorbers is 6.4cm, and the height is 4 
m. The 4m long regenerator is designed as double pipes, and the diameter is 7.6cm. Heat exchangers for sensible 
heat exchange are 2m long and multi tubular. An electric heater with 9 kW capacity was used to supply regeneration 
energy to the high temperature stage. Circulation rate is controlled by slide valves equipped at absorbers and 
regenerators, and stand pipes were located before slide valves for a constant circulation of the sorbents. Pressure 
regulating valves were located after absorbers and regenerators to make pressure difference between an absorber and 
a regenerator constant for a constant circulation of the sorbents. The distribution and the quantity of sorbents in the 
absorbers and regenerators should be measured to calculate absorption capacity and absorption rate. Differential 
pressure gauges were located at regular distance to measure the quantity of sorbents. The facility was insulated with 
10cm thick ceramic wool to minimize heat loss for accurate measurement of heat exchange efficiency. Gas 
introduction nozzles were designed for flue gas and sweeping gas to be introduced to the absorbers and the 
regenerators for uniform distribution of sorbents when they enter the reactors. Temperature sensors were equipped in 
the reactors at intervals of 2m to measure temperature distribution in the reactors for an accurate calculation of heat 
exchange. To evaluate system stability and heat exchange performance in fluidized conditions, the system was 
operated in the condition described in Table 6 and the results are shown in Fig. 8 and 9. About 5 hours of operation, 
the system was stabilized and reached to the steady state (Fig. 8). The differential pressures in sorption and 
desorption column of three stages were maintained in the range of 40~90 inch H2O even with some fluctuations 
depending on time. This means that all the sorbents are circulated well, and the system maintains certain amount of 
sorbents in the columns without accumulation. The heat exchange performance between sorption and desorption 
columns and between sensible heat exchangers was monitored (Fig. 9). Between sorption and desorption columns, 
the heat was exchanged well and the temperature differences at the outlet of columns were less than 20qC. However, 
the heat exchange capacity of the sensible heat exchangers was lower than that of sorption-desorption columns and 
the temperature differences at the outlet of the columns were 76qC, 119qC and 210qC, respectively. So, a bigger heat 
exchanger is required to recover sensible heat of sorbents. Anyway, it was confirmed that heat generated in sorption 
processes and sensible heat of sorbents can be recovered in the fluidizing condition. Now, we are planning to 
evaluate heat recovery efficiency using an emulated flue gas composition exhausted in a coal-fired power plant. 
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Fig. 6. PFD of the 60 Nm3/hr lab-scale CO2 capture facilityG
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Fig. 7. An imiage of the lab-scale energy exchangeable three-stage CO2 capture facility 
Table 6.  Operating conditions of the three-stage CO2 capture process 
 Low temp. cycle Mid. Temp. cycle High temp. cycle 
Sorbent type Silica supported amine Alkali promoted MgO Li4SiO4 
Flue gas flow rate (Nm3/hr) 12 12 12 
Sorbent circulation rate (kg/hr) 60 60 60 
Flue gas inlet temp. (qC) 51 164 258 
Residence time of sorption column (sec) 4.7 4.7 4.7 
Residence time of heat exchanger (sec) 2.6 2.6 2.6 
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Fig. 8. Operating conditions of the three-stage CO2 capture process 
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Fig. 9. Heat exchange test result between sorption and desorption columns and between sensible heat exchangers 
 
5. Conclusion 
The energy exchangeable multi-stage fluidized bed CO2 capture process is ready to be experimentally evaluated 
under a real fluidized bed condition using spherical sorbents. A flow-sheet simulation result of this process for a 
500MWe pulverized coal-fired power plant was published [18]. The result promised that this process will be a 
significant progress toward the solution for global warming problem through CCS. There is a huge room for 
improvement on the process. The simulation already suggested that absorption rate and capacity of the sorbents will 
greatly increase the efficiency of the process. A modification of the reactor design will also bring a better 
fluidization of sorbents in reactors and a better heat exchange between stages. The starting point of improvement 
must be the data obtained by operation of the lab facility. The operation result of the lab facility will be disclosed in 
the near future, and articles about improved sorbents and improved reactors will be published in due course. 
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